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® in the area of wake-vortex 
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INTRODUCTION 

.lrcr“riec%j::c‘e1yd°eparSr:i^ ^t a^rnSrlr*"™ 

hazard posed by the vortex'^wo^ alCr^du^uSr^ ^ thf ^Jele'n t ^ 
requirements. Such reductions would allow full utilization of nJw ^ ■» 

an inLnsive several years NASA has been coLuctlng 

In-house and contractural research effort involving theoretlr-df 
studies of various wake-vortex minimization techniques 

Si«u«tl“ o^a^Lu^^“”^“°”A”^“' Aviation Administration's 

® the area of wake-vortex 

::mrr^“tt:-bti;:er 


SYMBOLS 

b/2 aircraft semispan, m 

^L lift coefficient 

c aircraft average wing chord, m 

d separation distance between vortices, m 
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U«> free-stream velocity, m/st c 

X,Y,Z orthogonal coordinate axis system with origin at wing center 

9 

r vortex circulation, m /sec 

Subscripts : 

1 vortex one 

2 vortex two 


THEORETICAL STUDIES 
Inviscid Analysis 

A theoretical method used to describe tl)e rolled-up vortex system of a 
lifting surface is the technique of Betz (ref. 3) which \\kis recently reassessed 
and described in reference 4. The theory, based on the conservation equation for 
inviscid two-dimensional vortices, relates the circulation in the fully rolled- 
up vortex to the span loading on the lifting wing. Because of the simplicity 
of the method, the details of the rollup process are not described; however, 
the technique has been shoim to be useful in predicting gross vortex character- 
istics behind lifting surfaces (ref. 5) and often has been found to be more 
accurate than more complex methods. 

The rollup process of the vortex sheet from a lifting surface has been 
determined by calculations of the two-dimensional time-dependent motion of 
point vortices. This type of rollup calculation for an elllptically loaded 
wing is illustrated in figure 1. Point vortex comrutt^rized-rollup calculations 
are subject to unrealistic ntimerical instabilities bfM/ause of the singular point 
at a radius of zero from the point vortex* Reference 6 discusses techniques for 
minimizing these errors and describes a technique for monitoring the numerical 
stability of these calculations. As shown in figure 1, the application of the 
principles described in reference 6 provides an accurate point-vortex calculation 
description of the rollup of an elllptically loaded wing. 

The Betz modeling and the two-dimensional t ime-dependent point-vortex calcu- 
lation techniques have been used to study a variety of span-load distributions 
for wake-vortex minimization. Analysis has indicated tiiat span-load alterations, 
In order to produce large vortex iore sizes with rclato<l redtictions in circum- 
ferential velocities, are limited in th»* athievihle amount of vortex minimiza- 
tion. (See refs* 4 and 6.) 

The two-dlmensionaJ time-dependent calcuhil ions Innve shovm tlie possibility 
('f achieving wake-vortex minimlzat iim tlu' pianluction of a chaotic wake 

structure to enhance the dissipation nf sh(»di vorticit' . In figure 2, the numer- 
ical calculations far a stepp*ed or sawto<^ih :;pan-load d i st r ibtit ion are shown to 
have chaotic wake rollup. Model tests (ref. 7) <»1 a wing having a sawtooth span 
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loading showed that the sluul vortices did undergo the large-scale excursions 
shown in figure 2; however, several spans downstream, when vortex linking was 
completed, a vortex pair still remained. The model results indicate that the 
interaction of multiple vortex pairs in a wake brings about large disturbances 
to the vortex sheet. ft is necessary to include viscous effects in the theoret- 
ical calculations to understand tlie significance of this process. 


Vi scous Studies 

Under an NASA contract, a computer program has been developed to solve the 
vortex equations of fluid motion including convection and turbulent diffusion. 

The computer code uses a second-order closure for the velocity correlation and 
an invariant turbulent model. Details of the turbulent model and the second- 
order closure technique may be found in references 4, 8, and 9. The computer 
code was used to calculate the merging of two equal-strength like-sign vortices. 
Figure 3 indicates the pressure-intensity field during the merging process of 
two equal-strength like-sign vortices where minimums in pressure are designated 
by the darkened regions. During the merging process, considerable turbulent 
kinetic energy is generated and is plotted in figure 4 for the merging of two 
equal-strength like-sign vortices. The process of turbulence generation during 
vortex merging is significant becaust' it will aid the dissipation process of the 
merged vortex. The merging of the vortices illustrated In figures 3 and 4 is 
representative of the merging which nox*mally takes place between the wing-tip 
and outboard flap vortex of an aircraft in the landing configuration. The 
results of the viscous vortex analysis liave shown that by altering the span-load 
distribution of a large transport aiicraft so that the wing-tip and flap vortices 
are of nearly equal strengths with the flap vortex at the 40-percent semiapan 
station, the turbulence produced during the merging process is maximized. Such 
a configuration leads to an enir.nced diffusion of the trailed vorticlty. Experi- 
mental results of this coni iguration are discussed later. 


EXl’EKlMllNTAL vSTUDlES 

Experimental studies liave been conducted to evaluate various wake-vortex 
minimization teclmiques. I'l in;arily, tlje vortex minimization techniques were 
evaluated for the vortex-generating aircraft in the landing configuration. 

Vortex effects on a traiJing aircrait for an in-trail tvpe penetration (that is, 
one aircraft behind another) are used infer tlie vortex liazard in the terminal 
area, since this type of cuicounter is most likely to occur during landing 
approaches. Experimental studies consisted of both flight tests and mt^del tests 
of vortex minimization techniques. 


Mi uli* 1 1 eS t s 

Model tests have been i^'ndiuteil utilizing the test procedure illustrate<l 
in figure 5. For mc»st of tlie a h-747 aircraft model was used as a vt'rtex 

generator, since It is rep ri^seut a M vr current wide-hody ]t*t transpeu'L*- , As 
will be discussed latc’r, a lir;ite<l numher of tests were (‘onducted by using DC'-IO 
and L-1011 vortex-generating alriratt. 1 lu* ei fe(*t i veness of various vt>rtex 
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minimization techniques was determined by measuring the vortex- induced rolling 
moment on a smaller wing model positioned downstream of the vortex-generating 
aircraft. This technique has been used in wind tunnels and towing facilities 
in which both the vortex generator and the trailing wing are translated through 
a fluid medium. Facilities which have been used to obtain a rolling-moment 
assessment of vortex minimization concepts are the Ames 40- by 80-foot wind 
tunnel, the Langley V/STOL wind tunnel and vortex flow facility, and, under 
contract, a water towing tank at Hydronautlcs, Inc. Details concerning these 
facilities and the test technique can be found in reference 10. Additionally, 
laser-Doppler veloclmeters (ref. 11) and hot-wire anemometers have been used 
during some tests to measure vortex velocity components. Flow-visualization 
studies in several facilities have proven to be a useful qualitative indication 
of the vortex. 


Flight Tests 

Fligit tests have been conducted at the Dryden Flight Research Center using 
NASA's B-747 aircraft as a vortex generator while using a T-37B and the Ames 
Research Center Lear jet as vortex probe or trailing aircraft. Also, the Wallops 
Flight Center C-54 aircraft and Langley's PA-28 aircraft have been used to 
evaluate one wake-vortex minimization technique. The test technique has involved 
the determination of the vortex-induced rolling moment from the measurements 
obtained d 'ing the probe aircraft while making in-trail vortex penetrations. 

A discussion of the flight -test procedures and examples of the data obtained 
are provided in references 12 and 13. In addition to rolling moments, some 
measurements of the vortex velocity distributions have been obtained by hot-wire 
probes on the Lear jet (ref. 12). 

Flight-test measurements of the vortex-induced rolling moment have been 
found to correlate qualitatively with results obtained in the model-test facil- 
ities. Techniques which have been identified by model tests to minimize the 
vortex upset on a trailing model have been shown to provide similar reductions 
in flight tests. The results do not correlate directly in magnitude because of 
differences in the level and scale of ambient turbulence and Reynold's number 
between model tests and flight tests. 


WAKE-VORTEX MINIMIZATION TECHNIQUES 

During the course of NASA's experimental program, numerous wake-vortex 
minimization concepts or ideas were Investigated. Several concepts or methods 
were found to provide some alteration in the detailed vortex structure without 
signi f icantly reducing the roliing moment on a trailing aircraft wing model. 

These unsuccessful concepts are discussed in reference 14. For the purpose of 
the following discussion, the concepts whicli have been found to meet the primary 
program objective of a significant reduction in the vortex-induced rolling 
moment on a trailing aircraft have been divided into three categories. The first 
is the use of turbulence generation or injection to rapidly diffuse the vorticity. 
The second is the tise of vortex interaction which has been identified in the 
preceding theoretical section. Tlie third area for discussion is to combine the 
effects of vortex interaction and turbulence injec^-ion. 
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Figure 6 illustrates a turbulence devic'e ns it was Installed on a C-54 
aircraft for a flight^test evaluation* The device generates considerable turbu- 
lence without affecting the wing-lift characteristics* Details concerning the 
development of this device can be found in reference* 15. The turbulence device 
was found to rapidly diffuse and dissipate the vortex system from the C-54 air- 
craft. A flight-test evaluation using a PA-28 aircraft to probe the C-54 vortex 
system indicated that significant reductions In tin* vortex-induced rolling 
moment were obtained when the turbulence device was installed on the C-54 air- 
craft* (See fig* 7*) Model tests on a R-747 oi a similar turbulence device 
have shown that by proper spanwise placement of chc- device, the vortex- induced 
rolling moment on a following aircraft can be reduced considerably * However, 
as would be expected, the operational penalties associated with the drag of such 
a device are significant. 

The turbulence within a jet engine exhaust has been shown to provide some 
dissipation of the aircraft trailing vortices* Hox^’ever, as shown in refer- 
ence 16, the levels of thrust required to achieve a significant reduction in 
•the vortex- induced rolling moment on a following aircraft are large. As indi- 
cated in reference 16, the thrust for significant vc-rtex dissipation during the 
landing approach of a B-747 would require full power on tlie outboard engines 
and some reverse thrust on the inboard engines for flight-path control* 


Vortex Interact Ion 

Theoretical studies have indicated that turbulence is produced during the 
merging process of a wing-tip and flap vortex. Additional analyses have shown 
that the interaction phenomena produce a maximum amount of turbulence dissipa- 
tion when the wing-tip and flap vortices are oi nearly equal strength and the flap 
vortox originates at the 40-percent semispan st.it ion* This concept was imple- 
mented on a B-747 aircraft by deploying onJv tlio inboard flap segment during 
landing approach to achieve the desired location of the flap voriex* Details 
concerning the development of this concept ar<* given in reference 17* 

Figure 8 illustrates the differences in the character of the vortex inter- 
action and merging for a B-747 aircraft in a normal landing configuration with 
all the flaps deployed and in a wake-vortex minini;^ation configuration with 
only the inboard flaps deployed* Model-test and flight-test results of this 
concept indicate reductions of approximately 50 percent on the vortex-induced 
rolling moment on a trailing aircraft. 

As indicated in reference 17, the LmpJementat inn of this concept on a B-747 
aircraft, in the manner described, Imposed severe penal tiOvS on the pitching- 
moment characteristics and maximum 1 if t-coefticient capability of the »ulrcraft 
during landing approach. Additionally, tlu‘ deployment of the landing ;ear 
adversely affected the vortex merging phenomena, whicdi cmild only be reestab- 
lished by using a large vortex generator just at t of the wing and on either 
side of the fuselage. (See ref. 17.) 
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Combined Effects 

The deployment of certain flight-spoiler combinations alters the span-load 
characteristics, sheds significant turbulence, and can be used to combine the 
effects of vortex merging and turbulence injection. References 18 and 19 cover 
the development and implementation of the spoiler concept for wake-vortex 
minimization. As shown in references 18 and 19, the maximum reduction in 
trailing-wlng rolling moment behind a B-7A7 aircraft is achieved by deploying 
the two outboard spoilers (numbered 1 and 2 in fig. 9) during landing approach. 
Model-test results using this spoiler configuration indicate significant reduc- 
tions in the vortex-induced rolling moment on a Learjet-size aircraft behind a 
B-747 (fig. 10). The results of reference 18 show that symmetric deployment 
of the two outboard spoiler panels on a B-747 aircraft Increases the landing 
configuration drag about 20 percent while reducing the maximum lift— coefficient 
capability about 5 percent. Additionally, it was found during flight tests 
that the spoiler concept produced significant aerodynamic buffet which seriously 
detracts from the ride quality and may have structural implications with regard 
to the flap and flap-bracket fatigue life. 

Model-test results of applying the spoiler concept to DC-10 and L-lOll air- 
craft for vortex minimization are shown in figure 11. The data show that the 
deployment of the proper spoiler combination on these aircraft provides a signifi- 
cant reduction in the vortex-induced rolling moment for a Learjet-size aircraft* 
The spoilers to be used on the DC-10 and L-lOll aircraft are the two most inboard 
flight spoilers (comparable to spoilers 3 and 4 in fig. 9) . The results of the 
DC-10 and L-1011 aircraft have shown that the vortex-minimization techniques 
developed during B-747 aircraft tests are applicable to other vortex-generating 
aircraft. The implementation of any concept must include consideration of the 
differences in span loading, engine, and spoiler placement along with other 
configuration differences. 


OPERATIONAL CONSIDERATIONS 

A preliminary analysis of the operational considerations of implementing 
the turbulence concept by use of drag devices or engine thrust, the vortex- 
interaction concept by extension of only the inboard flap, and the combination 
of these concepts by deployment of the flight spoilers for wake-vortex minimiza- 
tion on a B-747 aircraft has been performed under contract. All the concepts 
have certain performance penalties which would pieclude their use during take- 
off operations; consequently, they were only considered to be used during the 
approach and landing. 

The analysis indicated that any form of turbulence injection through the 
use of high thrust settings on selected engines with partial reverse thrust 
on the other engines was operationally unsuitable. Considerable hardware would 
be required to implement a retractable turbulence device similar to that shown 
in figure 6 on a B-747 aircraft. The analysis Indicated that such a device 
could not meet the approach-climl requirements (one engine out), but could be 
used during landing. Additionally, some penalties were Incurred during the 
cruise configuration because of the hardware employed to stow the drag devices. 
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Because of cost and the performanci* pHnalths iat.rd with their use, the 

turbulence concepts would probably bo innfi Uh r<‘<i unsnitahlo for operational use. 

The Implementation of the vorto>;-intt‘rart ion ( uiua^pt by doplojrment of only 
the Inboard flap considerably reduced th*' static marp,in and restricted the 
center-of -gravity range severely* Ti)is UMhuIquc was lonslderod unsuitable for 
operational use* 

The use of the spoiler concept was fi>imd lu n|x»rat ionally the most 
promising concept analyzed* The spoiler coiuapt app*Mrs to meet most certifi- 
cation requirements, with the possible exception ol tlu* approach-climb require- 
ment* An assessment of the structural penalties a^'.st^c lated with tlie flight 
spoiler— induced buffet or possible solutions to this problem have not been 
conducted* As Is seen In figure 10^ liie vortex-induced rolling moment on a 
trailing aircraft can be significantly rcdticed bv m;ing the flight spoiler but 
not totally eliminated* Such reductions .ire character ist ic of all the vortex- 
minimization concepts evaluated* As indicated in reference 13, vortex- 
minimization concepts, such as the flight rpojlto.s, tan reduce the distance 
at which a probe aircraft can controllabl v fly behind a R-747 aircraft* An 
analysis has not been conducted to determine vhether the economic gains of a 
reduction In separation criteria are ot'lset by the tximonic penalties associated 
with implementing wake-vortex minimizat ion techni qm*s , ^iuch as would be incurred 
with structural changes, to withstand or reduce anv fliglit spoiler-induced 
buffet. 


Considerable advances have been made in tlu area of tlieoretlcal analysis 
of wake-vortex minimization techniques. Kxperinental modi*l-test and flight- 
test procedures have been developed tor ev.iluating varit^us wake— vortex minimiza- 
tion techniques and the model tests and flig,ht tests have been shown to quali- 
tatively agree* Tests have indicated that turhulema* injiurtion and vortex 
interaction brought about by a suitable span-Kxid .alteration can considerably 
reduce the trailing-vortex intensity* Tlie use of tlie existing flight spoilers 
on a wide-body airplane utilizes both tlie lurlail injection and the vortex- 

interaction technique to bring alumt waKe-vuiiix minimization* A cursory 
analysis of the operational feasibility oi fiMpb>' ing vs^ake-vor tex minimization 
techniques has been conducted* All tlu* v«'rt *.*>: minimiriit ion te^chniques Incur 
severe performance penalties which would prei liuli tlu ir use during take-off* 

The flight-spoiler concept was cousidi*nul the imu i leasihlt candidate; however, 
a solution to the spoiler->nduced bullet v;.as not ou.i I .::ed . Additionally, the 
economic penalties associated with imp I eineiit lug anv v/af e-vc^rtex minimization 
concept must be balanced by any tuonevnii gain in reiluccd separations* 
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Figure I*- Results of point-vortex calculations of the vortex-sheet 
rollup from an elliptically loaded wing. (Data from ref. 6.) 



Figure 2.- Results of point-vortex calculations of the vortex-sheet 
rollup from a sawtooth-load distribution. (Data from ref. 6*) 
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(a) Turbulent kinetic energy at a non- 
dimensional time (tr/iid2) of 0.0. 


(b) Turbulent kinetic energy at a non- 
dimensional time (tr/Tid2) of 1.33. 
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(c) Turbulent kinetic energy at a non- 
dimensional time (tr/iTd2) of 2.67. 


(d) Turbulent kinetic energy at a non- 
dimensional time (tr/itd2) of 4.0. 


Figure 4.- Turbulent kinetic energy intensity plots for the merging of 
two equal-strength like-sign vortices. (From ref. 8.) 
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LASER VELOCIMETER, HOT WIRES 



VORTEX GENERATOR MODEL. FORCES AND MOMENTS 


Figure 5.- Illustration of model-test procedure. 



Figure 6.- Turbulence device installed on C-54 airplane for flight tests 









Figure 9,“ Location of flight spoilers on a B-7A7 aircraft. 


MODEL TEST RESULTS; = 1.2 


ROLLING-MOMENT 
COEFFICIENT 
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SIZE TRAILING 
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Figure 10. ~ Model~test results of the effect of using the flight 
spoilers on 1-747 for vortex minimization. 
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•LANDING CONFIGURATION OF DC *10 AIRCRAFT 


LANDING CONFIGURATION OF DC-10 AIRCRAFT 
WITH TWO INBOARD SPOILERS (SIMILAR TO 
3 AND 4 ON FIG. 9) DEPLOYED 
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Figure 11,- Model-test results of using flight spoilers for 
wake-vortex minimization on DC-IO and L-1011 airplanes. 


